Renewable  and  Sustainable  Energy  Reviews  40  (2014)  1168-1191 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Renewable  and  Sustainable  Energy  Reviews 

journal  homepage:  www.elsevier.com/locate/rser 


Building  sustainable  energy  systems:  Homeostatic  control  of 
grid-connected  microgrids,  as  a  means  to  reconcile  power  supply 
and  energy  demand  response  management 

Franco  Fernando  Yanine3’*  Federico  I.  Caballero1’,  Enzo  E.  Sauma  ,  Felisa  M.  Cordova0 

a  Departamento  de  Industrias,  Universidad  Tecnica  Federico  Santa  Maria  (UTFSM);  Avenida  Santa  Maria  6 400,  Vitacura,  Santiago,  Chile 
b  Department  of  Industrial  &  Systems  Engineering,  Pontificia  Universidad  Catolica  de  Chile  (PUC),  Campus  San  Joaquin,  Avenida  Vicuna  Mackenna  4860, 
Comuna  de  Macul,  Santiago,  Chile 

c  Department  of  Industrial  Engineering,  Universidad  de  Santiago  de  Chile,  USACH,  Avenida  Ecuador  3769,  Santiago,  R.M.,  Chile 


CrossMark 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  7  August  2013 
Received  in  revised  form 
18  July  2014 
Accepted  6  August  2014 


Keywords: 

Homeostatic  control 
Sustainability 
Power  supply 
Demand  response 
Energy  efficiency 
Thriftiness 
Energy  buffer 


The  issue  of  worldwide  over  consumption  and  squandering  of  electrical  energy  has  resulted  in  what  one 
might  call  an  energy  obesity  problem  in  terms  of  energy  intake  and  its  expenditure.  It  is  indeed 
something  that  must  change  if  modern  society  is  to  become  sustainable  someday.  This  is  to  be  realized  in 
conjunction  with  adequate  government  policies  and  innovative  strategies  aimed  at  effectively  integrat¬ 
ing  non-conventional  renewable  energies  (NCRE),  with  thriftiness  and  energy  efficiency  (EE)  -  the  three 
pillars  of  energy  sustainability  (ES)  -  in  today's  electric  power  systems  generation  and  distribution 
infrastructure.  This  ought  to  be  done  in  a  way  that  incorporates  them  jointly,  as  part  of  a  comprehensive 
energy  strategy  to  propitiate  a  wider  penetration  of  distributed  generation  (DG)  solutions.  Departing 
from  mainstream  literature  on  the  subject,  this  paper  proposes  such  strategies  for  integrating  hybrid 
micro-generation  power  systems  to  the  grid  through  homeostatic  control  (HC),  as  a  means  to  reconcile 
power  supply  and  energy  demand  response  management  (EDRM).  These  strategies  can  be  designed  and 
implemented  in  the  microgrid's  supervisory  control  system  for  the  purpose  of  eliciting  EE  and  thriftiness 
in  consumers  to  build  ES  in  the  system.  The  theoretical  model  behind  the  HC  strategies  is  presented  and 
a  numerical  example  is  provided,  using  real  electricity  consumption  data  of  a  small  rural  community  in 
Chile.  Upon  examining  a  particular  set  of  criteria  designed  to  control  renewable  power  (RP)  supply  from 
a  grid-tie  microgrid  to  residential  consumers,  simulation  results  show  that  the  model  proves  effective 
when  testing  such  criteria  for  different  power  supply  scenarios.  Particularly  revealing  is  the  role  of  the 
energy  storage  system  (ESS)  -  the  energy  buffer  -  in  the  HC  strategies  being  proposed  and  the  difference 
that  it  makes  in  eliciting  thrifty,  efficient  energy  consumption  as  a  result  of  individual  and  collective 
efforts  to  ensure  energy  sustainability  of  the  system  as  a  whole. 
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1.  Introduction 

Today's  society  is  at  a  crossroads  and  in  the  middle  of  a  transition 
stage  in  terms  of  technologies,  fuels  and  electric  power  systems  (EPS) 
management  that  somehow  must  echo  the  energy  crisis  that  many 
regions  of  the  world  live  today.  This  goes  right  in  front  of  the  problem 
of  high  C02  emissions  and  green  house  gases  (GHG)  and  the  purported 
effects  on  climate  change,  air  pollution  and  health  risks  [1  ].  Particularly 
dire  is  the  situation  of  those  regions  of  the  world  which  -  unlike 
Denmark  -  rely  heavily  on  fossil  fuels  for  their  energy  production, 
especially  so  when  most  of  such  fuels  are  imported.  Chile  in  particular 
is  a  good  example  of  this  unfortunate  case,  with  its  unbound  energy 
expenditure  which  parallels  its  economic  growth  in  a  way  that  clearly 
illustrates  this  energy  obesity  problem.  With  an  economic  growth 
which  is  still  closely  tied  to  a  strong  energy  consumption,  Chile  is  a 
country  where  the  incorporation  of  renewables  and  EE  measures  [2,3] 
along  with  thriftiness  in  energy  usage,  even  though  as  important  and 
necessary  as  this  initiative  is,  it  has  not  yet  been  able  to  click  in 
government  authorities,  the  legislature  and  the  population  at  large 
inserting  it  among  their  substantive  priorities  to  make  the  change 
possible.  In  fact  experts  predict  a  grim  outlook  for  Chile  moving 
towards  2020,  due  to  the  lack  of  enough  new  energy  projects 
approved  in  a  timely  manner  and  also  due  to  the  length  of  such 
projects,  once  they  are  approved.  In  light  of  such  a  worrisome  outlook, 
it  is  urgent  to  shift  course  towards  the  adoption  of  DG  in  a  larger  scale 
with  renewable  energy  sources  (RES)  and  innovative  technologies  [4], 
along  with  the  adoption  of  EE  and  thriftiness  in  energy  consumption, 
and  to  push  for  these  to  be  considered  jointly  in  the  national  energy 
policy  making  of  the  countiy  [5-11  ].  Indeed  it  is  important  to  under¬ 
stand  that  the  larger  and  more  widespread  the  diffusion  and  integra¬ 
tion  of  NCRE,  along  with  thriftiness  and  EE,  all  deemed  as  one 
complete  set  of  measures  and  incentives,  comprise  the  three  pillars 
of  ES.  This  is  to  be  expected  someday  in  new  DG  projects  incorporated 
into  the  country’s  energy  matrix  -  the  current  EPS  generation  and 
distribution  infrastructure  -  if  more  effective  energy  policies  are  to  be 
achieved.  Such  concerted  effort  must  work  hand  in  hand  with 


advancements  in  EPS  technological  innovations  [4]  and  power  man¬ 
agement,  as  part  of  a  national  energy  program  that  fosters  and  impels 
both  of  these  towards  a  more  sustainable  economic  development.  For 
such  purpose  one  must  also  develop  new  strategies  aimed  at  finding 
new  ways  of  implementing  energy  regulation  (ER)  and  EE  measures 
that  may  elicit  thriftiness  and  ES  in  energy  consumption  of  the 
population  at  large.  To  be  effective,  such  measures  should  encompass 
economic  reward-based  mechanisms  to  elicit  and  instill  the  desired 
behavioral  change  being  sought  in  return  for  such  thriftiness  and 
energy  sustainability  [5-11  ]. 

Conditioning  human  behavior  to  adjust  to  changing  living  condi¬ 
tions  and  circumstances,  adapting  to  new  environments  with  differ¬ 
ent  resources  under  various  degrees  of  availability  and  supply  is 
nothing  new.  It  has  been  done  many  times  before.  There  are  various 
strategies  to  influence  and  condition  human  behavior  and  socio- 
technical  systems  in  general  to  adopt  behavioral  changes,  adapting  to 
diverse  scenarios  [5-10,12-19  .  An  example  of  this  are  the  many 
strategies  found  in  the  vast  organizational  change  and  management 
literature,  where  a  great  number  of  strategies  for  a  variety  scenarios 
are  presented.  These  are  designed,  planned  and  implemented  in 
various  ways  to  elicit  changes  in  human  behavior  and  to  make 
organizations  become  more  efficient,  nimble,  innovative,  productive 
or  resilient.  Another  example  of  successful  conditioning  of  human 
behavior  was  the  first  experiment  of  its  kind,  Biosphere  1,  and  later 
Biosphere  2  [14-19],  Biosphere  2  is  an  earth  systems  science  research 
facility  currently  owned  and  managed  by  the  University  of  Arizona, 
whose  mission  is  to  serve  as  a  center  for  research,  outreach,  teaching 
and  lifelong  learning  about  earth,  its  living  systems  and  -  most 
importantly  -  the  possibility  to  condition  humans  to  live  in  con¬ 
trolled  environments  under  stringent  conditions  [14-19],  This  in 
order  to  be  able  to  adapt  to  new,  more  complex  and  changing 
scenarios  such  as  the  ones  space  colonies  will  most  likely  find  upon 
achieving  planetary  colonization  in  the  decades  ahead.  After  spend¬ 
ing  prolonged  periods  in  these  locked  controlled  environments 
where  they  were  subjected  to  special  living  conditions,  adopting 
strict  diets  with  rigorous  low  energy  (low-calorie)  diet  and  high 
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Fig.  1.  A  simple  adaptive  regulator  model  based  on  HC  implemented  through  negative  feedback  for  residential  consumers  with  an  energy  buffer. 
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nutrient  regimen  wherein  their  metabolisms  and  homeostatic  reg¬ 
ulation  (HR)  processes  were  put  to  the  test,  they  showed  strikingly 
similar  improvement  in  health  indices  as  those  of  athletes  [16-19], 
Such  improvements  included  lowered  blood  cholesterol,  blood 
pressure,  and  significant  enhancement  of  the  immune  system,  turn¬ 
ing  their  metabolism  and  overall  system  functions  much  more 
efficient,  effective  and  resilient  than  before  [14-19],  They  lost  an 
average  of  16%  of  their  pre-entry  body  weight  before  stabilizing  and 
regaining  some  weight  during  their  second  year.  Subsequent  studies 
showed  that  the  metabolism  of  researchers  living  in  the  biosphere 
became  more  efficient  at  extracting  nutrients  from  their  food  as  an 
adaptation  to  the  low-calorie,  high  nutrient  diet  [14-19], 

Unlike  what  has  been  done  in  other  realms  of  science,  parti¬ 
cularly  in  the  social  and  biological  sciences,  very  little  if  anything 
has  ever  been  proposed  in  regards  to  strategies  for  conditioning 
human  behavior  under  changing  energy  supply  scenarios  [5-10], 
Thus  emerges  the  idea  of  employing  HC  in  hybrid  energy  systems 
such  as  microgrids  tied  to  the  mains  in  order  to  instill  behavioral 
changes  in  residential  consumers  to  lower  their  energy  intake. 


This  is  to  be  achieved  by  devising  innovative  strategies  to  condi¬ 
tion  renewable  electric  power  supply  to  energy  users  based  on  a 
predefined  set  of  criteria  [5-10],  This  is  to  be  planned  and 
implemented  in  a  predetermined  manner,  obeying  to  the  char¬ 
acteristics  of  the  target  community,  the  local  climate  conditions, 
and  the  site  laws  and  regulations  present  which  condition  the 
technology  that  can  be  used  such  as  smart  metering  and  energy 
storage,  among  other  factors.  The  approach  proposed  here  seeks  to 
manage  consumers  demand  response  efficiently  and  effectively  in 
the  context  of  (renewable  energy  technologies)  RETs,  supplying 
power  to  a  group  of  residential  consumers.  These  criteria  operate 
by  adapting/adjusting  the  energy  consumption  patterns  of  con¬ 
sumers  to  fluctuating  power  supply  conditions  -  whether  it  is 
from  the  electric  utility  grid  or  from  a  renewable  microgrid  or 
from  both  -  to  become  thriftier,  more  energy  efficient  and  resilient 
to  change.  This  of  course  is  not  only  important  for  large-scale 
integration  of  NCRE  and  for  building  sustainable  energy  systems 
(SES)  everywhere,  but  it  becomes  even  more  important  and 
meaningful  when  looking  at  the  rapid  and  abrupt  climate  change 
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Fig.  2.  Negative  feedback  control  system  diagram  showing  homeostatic  control  of  a  grid-connected  microgrid. 
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in  many  parts  of  the  world  at  present  and  where  Chile  is  not 
exempt  [1],  Increasingly  menacing  natural  phenomena  such  as 
strong  winds,  floods,  and  seismic  activity  of  important  magnitude 
are  more  frequent  now  than  before  almost  everywhere,  especially 
in  North  America,  and  some  regions  of  South  America.  Countries 
like  Chile  are  a  good  example  of  this  fragility  state  being  exposed, 
where  vital  utility  services  such  as  water  and  electricity  are 
continuously  being  threatened  by  such  phenomena,  and  where 
the  electric  transmission  and  distribution  service  infrastructure  is 
clearly  at  risk  of  collapsing  [5,20-22].  All  these  changes  and  the 
risks  they  pose  to  society  call  for  one  thing  quite  clearly:  the  need 
for  systems  to  adapt,  particularly  when  it  comes  to  sociotechnical 
systems  like  the  microgrid  supplying  energy  to  consumers.  Thus 
anywhere  you  look  nowadays  you  find  socio-technical  systems 
[12,13]  of  various  kinds,  with  diverse  degrees  of  complexity, 
different  aims  and  goals  and  management  styles.  Within  these 
socio-technical  systems  there  is  an  immense  variety  of  work 
systems  which  are  designed  and  implemented  to  pursue  various 


objectives.  To  accomplish  this,  such  systems  are  required  to 
control  different  processes  in  a  given  environment  on  an  ongoing 
basis,  supervising  them  continuously.  Whether  this  happens  in 
industry,  in  organizational  management  or  in  nature,  such  pro¬ 
cesses  usually  work  in  a  network  of  complex  interdependencies  of 
dynamic  systems,  supporting  fast  and  continuously  changing 
decision  making  processes  [23],  These  are  conditioned  by  one  or 
more  controlled  variables,  where  the  systems  involved  are  con¬ 
tinuously  monitoring  changes  that  affect  such  processes,  thus 
detecting  the  need  to  adapt  to  on-going  strategies  [5-10,23].  It  is 
in  this  way  that  intelligent  adaptive  systems  become  resilient  and 
capable  of  increasingly  managing  their  capacity  of  adaptation 
more  effectively  [5-10,24,25],  Crucial  to  the  effectiveness  of  such 
sustainability  management  capacity  are  the  system's  built-in 
capabilities  which  allow  anticipated  changes  and  various  kinds 
of  environmental  stress  on  the  system  to  be  successfully  handled 
[5-10,24,25].  Such  sustainability  management  capacity  comes 
from  strategies  designed  and  built  into  the  systems  themselves, 
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Fig.  4.  The  simulation  results  for  Potencia_HESl  with  double  the  amount  of  RP  supply  available  to  the  block. 
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where  reinforcement  learning  [19]  and  conditioning  mechanisms 
operate  as  enablers  of  homeostatic  regulation  (HR)  and  adaptation 
in  such  systems  to  obtain  the  desired  system  response.  Along  this 
line  of  thought  an  interesting  attempt  at  implementing  human 
conditioning  in  the  context  of  this  paper  is  presented  in  [26] 
where  the  smart  microgrid  concept  in  a  remote  location  is 
addressed.  Here  the  microgrid  is  the  key  enabling  technology  for 
renewable  energy  development,  and  EE  improvements  [26],  For 
the  authors  the  smart  grid  represents  a  vision  for  a  digital 
optimization  of  electric  power  transmission  and  distribution  grids 
as  applied  to  current  operations,  enhancing  the  grid  security  and 
opening  up  new  ways  of  tapping  alternative  energy  sources  [26], 
In  the  implementation  of  a  very  small  grid-connected  renewable 
microgrid,  they  propose  Internet  Protocol  (IP)  on  home  devices  for 
data  monitoring  and  transmission,  thus  making  it  possible  for  the 
smart  microgrid  to  send  information  back  and  forth  between  the 
distributed  electric  utility  grid  and  the  customers.  Along  the  same 
line  of  work,  authors  in  [27]  propose  an  energy  EDRM  strategy  for 
a  system  with  a  significant  intermittent  generation,  e.g.  a  micro¬ 
grid  employing  only  RES.  In  this  system,  consumer  demand  can 
shift  to  reduce  peak  power  demand  and  also  peak  shaving  in  order 
to  mitigate  the  system's  power  fluctuations;  however  this  action 
requires  evaluating  the  value  of  lost  load  for  consumers.  Emphasis 
is  put  on  the  need  for  reliable,  real-time  control  and  monitoring 
systems  when  a  high  penetration  of  DG  is  present.  For  the 
microgrid,  the  main  goals  of  the  energy  management  system  are 
to  deliver  active  and  reactive  power  generation  set-points  for  the 
generation  sources,  including  the  battery  bank  used  in  this 
particular  case,  and  to  send  signals  to  consumers  eliciting  beha¬ 
vioral  changes  in  energy  consumption.  Along  a  similar  line,  Palma- 
Behnke  et  al.  [26,27]  talk  about  an  electricity  generation  system 
based  on  diesel-fueled  generator  to  be  intervened  by  a  technolo¬ 
gical  transformation,  meaning  that  a  more  sustainable  energy 
system  is  to  bring  changes  and  challenges  to  the  community  as 
compared  to  the  original  conditions,  thus  requiring  resilience  on 
the  people's  part,  and  the  need  to  adapt  to  these  changes  [21-23], 
The  methodology  referred  to  in  the  paper  corresponds  to  the 
assessment  and  intervention  stages  of  the  project,  developed 
between  November  2009  and  February  2011  in  Huatacondo,  a 
tiny  village  of  approximately  100  inhabitants  in  a  remote  northern 
mountainous  region  of  Chile.  As  a  relevant  observation  one  can  say 
that  the  system  proposed  in  [26,27]  seems  like  a  good  idea  to 
address  EDRM  in  a  microgrid  power  generation  scheme,  and  thus 
it  seems  suitable  to  use  a  large  display  giving  the  state  of  the 
system  and  the  RES  availability.  Yet  for  larger  communities,  in  the 
several  hundreds  or  thousands  of  people  this  approach,  which  is 
clearly  tailored  for  a  very  small  village,  is  unsuitable. 

In  light  of  the  above,  this  paper  aims  to  revisit  the  concept  of 
HC  of  EPS  introduced  over  30  years  ago,  but  this  time  focusing  not 
on  utilities  but  on  micro-generation  power  systems,  especially 
those  operating  connected  to  the  distribution  grid  [28-53],  Many 
of  these  employ  supervisory  control  systems  similar  to  SCADA  to 
coordinate  and  control  the  microgrid's  power  supply,  in  the  case  of 
this  paper,  to  a  group  of  residential  consumers  somewhere  termed 
a  sustainable  block  [6-11  ].  The  paper  starts  with  the  introduction 
of  the  subject  matter,  briefly  discussing  homeostasis  and  HR  in 
living  organisms  and  how  these  concepts  may  also  apply  to  EPS; 
particularly  to  smart  microgrids  tied  to  the  grid,  operating  with 
energy  storage  [52,53]  whenever  it  is  appropriate  and  possible  to 
do  so.  Thus  the  paper  aims  to  bridge  concepts  from  biology  and 
medicine  to  the  management  and  control  of  electric  power  supply, 
energy  demand  and  consumption  (loads)  and  how  these  can  be 
reconciled  and  adequately  matched  through  HR  principles  emu¬ 
lating  what  happens  in  nature.  Section  2  presents  the  highlights  of 
HC  and  describes  briefly  the  basic  philosophy  and  principles 
behind  it,  along  with  recent  work  by  other  authors.  This  section 


also  presents  the  theoretical  HC  model  for  grid-connected  micro¬ 
grids  where  the  general  characteristics  of  this  new  technology  are 
discussed.  Efforts  are  made  to  focus  particularly  on  one  specific  set 
of  attributes  as  key  elements  of  the  model  proposed.  Section  3 
presents  the  general  approach  and  methodology  where  HC  strate¬ 
gies  are  introduced  based  on  RP  supply  control  criteria  for  smart 
microgrids.  This  is  aimed  at  building  SES,  where  the  need  to  arrive 
at  and  maintain  system  equilibrium  is  paramount.  Finally  Section  4 
presents  the  findings  and  the  analysis  of  the  simulation  results. 
Particularly  relevant  to  the  model  proposed  is  the  interaction 
between  the  sustainable  block  coupled  to  the  grid-connected 
microgrid  and  the  electric  power  grid  (the  mains)  under  the 
different  RP  supply  control  criteria  being  tested.  It  is  not  only 
revealing  but  also  counterintuitive  to  find  that  results  are  even 
better  when  there  is  energy  storage  [52,53]  present  in  the  system  as 
opposed  to  operating  without  energy  storage,  making  a  clear 
distinction  between  the  two.  The  paper  concludes  with  a  general 
discussion  of  the  findings  and  how  these  tie  to  the  core  of  the 
subject  matter  of  this  paper,  highlighting  major  results  as  well  as 
the  outlook  envisaged  for  future  work  in  the  field. 


Polynomial  fit 
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Fig.  7.  Polyfit  function  showing  the  relationship  between  the  electricity  consump¬ 
tion  of  the  sustainable  block  from  the  grid  and  the  power  supply  available  from 
the  HES. 
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Fig.  8.  Polynomial  fitting  function  for  Criterion  0  with  PotenciaJ-iESl  (double  the 
amount). 
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2.  Homeostasis  and  homeostatic  control  (HC)  of  electric  power 
systems 

2.1.  General  discussion 

Homeostasis  is  an  important  concept  which  is  rooted  in  biology 
and  medicine  as  it  is  present  in  living  organisms  everywhere,  and 
one  upon  which  HC  is  inspired  [54-80],  It  is  a  biological  term 
referring  to  the  existence  of  a  state  of  equilibrium  or  the  process 


towards  such  equilibrium;  namely  it  is  “a  relatively  stable  state  of 
equilibrium  or  a  tendency  toward  such  a  state  between  the  different 
but  interdependent  elements  or  groups  of  elements  of  an  organism  or 
group"  [55].  Homeostasis  is  that  condition  in  which  the  internal 
environment  of  the  living  organism  or  group  of  organisms  remains 
relatively  constant  yet  making  the  necessary  adjustments  to 
maintain  its  operation  and  its  system's  functions  in  place  - 
towards  efficient  equilibrium  -  despite  changes  in  the  external 
environment.  This  is  so  to  maintain  a  state  of  balance,  adjusting 
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Fig.  9.  In  this  illustration  H,  function  is  shown  for  the  HES  with  energy  storage  and  Potencia_HES. 
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internal  functions  and  processes  to  achieve  such  state.  Notwith¬ 
standing  its  importance,  it  is  a  concept  that  has  been  largely 
overlooked  and  underdeveloped  at  best  in  the  EPS  literature  since 
it  was  first  introduced  by  Schweppe  in  1979  [81]  in  regards  to 
electric  power  systems  and  utility-customer  interaction  [81-87], 
Yet  there  is  hope  that  there  will  be  new  breakthroughs  in 
technology  and  in  research  which  will  advance  HC  of  microgrids 
much  further.  Happily  for  those  who  aspire  to  see  such  changes  in 
this  lifetime,  what  seems  more  likely  -  although  not  within  reach 
yet  -  is  that  over  time,  the  balance  will  move  more  and  more 
towards  more  flexible,  intermittent  generation,  a  variety  of  new 
consumer  adaptation  schemes  for  variable  and  differentiated 
power  supply  [5-10]  and  new  forms  of  reward-based  systems. 
These  may  arise  as  a  result  of  new  technologies  such  as  smart 
metering,  as  they  becomes  a  major  player  along  with  the  smart 
grid  concept.  Likewise,  one  can  expect  that  the  application  of 
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Fig.  11.  Criterion  1  cost  functions  with  HES 


novel,  more  efficient  microgrids  and  utility  grid  balancing  solu¬ 
tions  will  become  increasingly  important  and  more  widespread 
within  the  next  two  decades.  The  concept  and  principles  of  HC  in 
electric  power  systems  were  introduced  by  Schweppe  and  his 
group  of  collaborators  at  MIT  [81-87]  over  30  years  ago.  HC 
introduces  a  basic  philosophy  -  derived  from  HR  processes  in 
living  organisms  -  in  which  electric  power  generation  and  supply, 
as  well  as  the  energy  demanded  (the  loads)  by  consumers, 
respond  to  each  other  in  a  cooperative  fashion  -  conciliatory 
if  you  will  -  and  thus  are  in  a  state  of  continuous  equilibrium 
[81-91].  HR  is  indeed  a  well  known  and  understood  process, 
specific  to  every  living  organism,  and  one  which  has  been 
thoroughly  studied  in  medicine  and  biology  [54-80].  The  magic 
word  here  is  adaptation  or  adjustment  of  the  organism  or  group  of 
organisms  to  changing  environmental  conditions,  namely  "as:  (1) 
adjustment  of  a  sense  organ  to  the  intensity  or  quality  of  stimulation, 
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(2)  modification  of  an  organism  or  its  parts  that  makes  it  more  fit  for 
existence  under  the  conditions  of  its  environment"  [55],  HR  employs 
negative  feedback,  which  is  a  primary  mechanism  of  homeostasis 
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Fig.  13.  GricLFrac  showing  the  fraction  (as  %)  of  total  electricity  consumption  from 
the  grid  per  home  in  the  block  for  Potencia_HES. 


whereby  a  change  in  a  physiological  variable  that  is  being 
monitored,  triggers  a  response  that  counteracts  the  initial  fluctua¬ 
tion.  Another  important  concept  to  be  employed  here  is  positive 
feedback:  a  physiological  control  mechanism  in  which  a  change  in 
some  variable  triggers  mechanisms  that  amplify  the  change 
[55,56,59].  Thus,  learning  from  the  vast  experience  accumulated 
in  medicine  and  biology  in  regards  to  HR  and  HC  thus  far,  it  feels 
appropriate  to  apply  this  concept  to  EPS  beyond  what  Schweppe 
and  others  proposed  [81-91],  building  upon  it  and  refocusing  on 
micro-generation  power  systems  integrated  to  the  grid  [5-10], 
This  becomes  especially  relevant  and  necessary  in  cases  where  DG 
solutions  in  the  form  of  hybrid  mini  and  micro-generation  power 
systems  operate  tied  to  the  grid,  without  energy  storage  [6-11], 
Particularly  in  cases  where  electric  power  supply  and  EDRM  aim  to 
work  together  in  a  coordinated  manner  to  provide  a  natural  state 
of  balance  -  a  continuous  equilibrium  -  is  where  one  finds  that  HR 
and  HC  are  both  powerful  concepts  that  make  much  sense  when 
applied  to  grid-connected  microgrids  [28-37],  Especially  when 
noticing  that  this  approach  goes  to  benefit  both  the  electric 
utilities  and  their  customers,  as  Schweppe  and  his  group  pointed 
out  in  their  HC  approach  to  electric  power  systems  as  well  as  what 
other  authors  have  proposed  more  recently  focusing  on  DG 
[5-10,81-91],  wherein  one  can  distinguish  a  set  of  interrelated 
physical  and  economic  forces  that  strive  to  maintain  the  efficient 
balance  between  electric  supply  and  customer  load. 


Polynomial  fit 


Fig.  14.  Polyfit  function  for  Criterion  1  again  showing  the  relationship  between  the 
power  consumption  from  the  grid  and  the  power  supply  available  from  the  HES. 
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Fig.  15.  Energy  stored  in  the  buffer  under  Criterion  1  as  time  moves  towards  the 
end  of  the  one  year  period  (8760  h). 
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Fig.  16.  GricLfrac  for  each  home  under  Criterion  1  with  Potencia_HESl  with 
absolute  evenness  but  this  time  it  is  lower,  about  35%  on  average  for  the  whole 
block  which  means  additional  benefits. 


Polynomial  fit 


Fig.  17.  Polyfit  function  showing  a  sharper  drop  with  a  softer  hump,  with  the 
energy  consumption  (%)  from  Grid  being  close  to  zero  near  month  8. 
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The  costs  of  generating  electric  power,  along  with  its  transmis¬ 
sion  and  distribution  have  risen  sharply,  particularly  in  the  last 
three  decades,  and  the  outlook  for  the  near  future  does  not  seem 
to  be  auspicious.  This  harsh  increase  in  costs  and  the  problems  of 
fossil  fuels  and  their  effects  on  the  environment  and  climate 
change  make  the  rational  use  of  energy  through  EE  and  thriftiness 
and  the  need  for  more  SES  more  important  today  than  ever  before. 
At  the  same  time  it  makes  it  increasingly  necessary  that  the 


allocation  of  energy  costs  falls  precisely  on  the  consumer  of  that 
energy  and  his/her  particular  energy  expenditure  habits.  Looking 
at  the  way  the  consumer  behaves  in  regards  to  EE  and  ES  measures 
may  beget  other  useful  initiatives  that  could  be  implemented  for  a 
given  community  somewhere.  Hence  with  DG  solutions  and  new 
policies  towards  a  greener,  more  sustainable  energy  outlook 
[39-51]  which  are  expected  to  become  more  widespread  in  the 
developed  world  as  well  as  in  developing  countries  like 
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Fig.  18.  Homeostatic  index  function  H,  for  Criterion  1  and  Potencia_HES  power  supply. 
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Fig.  19.  Homeostatic  index  Hi  for  Criterion  1  with  Potencia_HESl  (double  the  amount  of  microgrid's  power  supply). 
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Chile  -  a  nation  which  aims  to  decouple  its  economic  growth  from 
its  energy  consumption  trend  -  it  makes  sense  to  device  efficient 
and  effective  coordination  and  control  systems  strategies  like  the 
one  being  proposed  here  in  the  form  of  HC  of  microgrids  [5-10], 
A  specific  model  for  its  implementation  in  the  supervisory  control 
of  such  a  system  is  also  proposed  [7],  The  use  of  DC  plants  in  the 
form  of  smart  mini  and  micro-generation  power  systems  is 
expected  to  become  much  more  widespread  and  affordable  in 
the  years  to  come,  along  with  new  forms  of  control  and  energy 
management,  so  it  makes  much  sense  that  -  for  the  sake  of 
equitability,  economic  efficiency  and  sustainability  of  such  systems 
-  one  may  implement  control  and  energy  management  strategies 


that  allow  for  a  choice  and  flexible  pricing  of  electricity  [5-10, 
88-91],  In  this  regard  one  sees  that,  in  the  general  sense,  the 
mechanism  used  by  electric  utilities  everywhere  has  been  no  other 
than  differentiated  rate  per  time-of-day  consumption.  Time-of- 
day  rates  attempt  to  adjust  the  price  of  electric  power  supply  to 
load  levels  based  on  the  fact  that  loads  behave  differently  at 
different  times  of  the  day  and  during  different  times  of  the  year  as 
well.  Such  rates  however,  especially  in  the  way  the  system  is  being 
used  today,  cannot  account  for  the  advent  of  the  new  scenarios 
being  envisaged  in  this  paper.  One  where  more  and  more  DG 
solutions  of  various  kinds  with  diverse  renewable  energy  sources 
and  technologies  mixed  with  various  conventional  fuels  and 
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Fig.  20.  Cost  functions  for  Criterion  2  with  renewable  power  supply  Potencia_HES. 
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technologies  are  to  be  integrated  to  the  current  EPS  infrastructure, 
and  the  complexity  that  such  scenario  will  certainly  bring.  Neither 
can  they  account  for  new,  more  sustainable  ways  of  energy 
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Fig.  22.  GricLFrac  function  for  simulation  of  Criterion  2  with  Potencia_HES  where 
the  polarization  among  homes  is  adamant  and  this  increases  as  shown  for 
Potencia_HESl. 
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Fig.  23.  Grid_Frac  function  for  simulation  of  Criterion  2  with  Potencia_HESl. 
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Fig.  24.  Polyfit  function  with  Potencia_HES  showing  a  dear  disparity  among  two 
groups  of  homes  with  some  in  between.  This  reaffirms  the  polarization  shown  in 
the  prior  figures  for  Criterion  2. 


consumption,  benefits  brought  about  by  collective  behavioral 
changes,  and  how  intelligent  adaptive  sociotechnical  systems  can 
become  more  resilient  and  capable  of  increasingly  managing  their 
adaptation  capacity  more  effectively  thanks  to  cybernetics  and  HC 
mechanisms  [5-10,12,13,92-98].  Nor  can  current  mechanism  and 
policies  used  by  electric  utilities  account  for  the  costs  nor  the 
operating  conditions  that  will  exist  once  renewable  power  is  made 
available  on  a  larger  scale  as  an  option  to  consumers,  as  smart 
microgrids  become  more  and  more  widespread.  In  foresight  this 
scenario  is  expected  to  flourish  in  countries  like  Chile,  where  DC  is 
expected  to  play  a  crucial  role  in  the  comprehensive  energy  policy 
strategy  being  sought  by  the  last  and  current  administrations. 


2.2.  Energy  efficiency  and  thriftiness  in  natural  resources 
consumption 

Energy  efficiency  and  thriftiness  in  natural  resources  consump¬ 
tion  such  as  energy  and  water,  and  the  emergence  of  SES  are 
closely  linked  and  intertwined  practices  that  are  part  of  the 
widespread  changes  to  come  in  the  global  energy  scenario.  These 
changes,  which  are  already  happening  in  several  industries,  will 
come  through  a  number  of  initiatives  and  policies  that  will  be  seen 
both  in  developing  nations  as  well  as  in  the  developed  world. 
A  change  that  society  must  make  when  faced  with  growing 
scarcity  of  resources  and  unsustainable  practices  that  lie  behind 
the  energy  obesity  problem  already  mentioned.  An  important  part 
of  this  upcoming  global  energy  scenario  is  the  technology  and  the 
local  regulations  that  are  set  to  dominate  much  of  the  agenda  in 
the  coming  decades,  wherein  energy  efficiency  and  thriftiness  in 
natural  resources  consumption  as  well  as  various  ES  practices  are 
expected  to  play  a  crucial  role  in  conditioning  human  behavior 
towards  this  aim.  These  will  constitute  a  serious  push  to  make  SES 
a  reality  and  are  also  expected  to  be  poignant  issues  ahead 
towards  2020  and  well  beyond  the  next  decade  as  there  are  major 
changes  to  come  in  energy  consumption  and  in  the  operation  of 
the  electric  power  supply  infrastructure.  Such  changes  will  hope¬ 
fully  determine  that  electric  power  generation  and  distribution 
will  become  more  localized,  flexible  and  tailored  to  price¬ 
conscious  and  environmentally  friendly  consumers,  as  well  as  to 
active  conservation  advocates.  This  is  to  be  expected  especially 
with  the  increasing  penetration  of  DG  solutions  such  as  smart 
microgrids  and  combined  heat  and  power  (CHP)  systems  as  an 
alternative  to  the  traditional  electric  power  distribution  only  as  it 
is  today  [5],  Energy  efficiency,  sustainability  and  environmental 
protection  and  conservation  are  unarguably  the  focus  of  the 


Polynomial  fit 


Fig.  25.  Polyfit  function  and  Potencia_HESl  showing  the  same  clear  disparity  yet 
softer  in  comparison  among  some  of  the  homes. 
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current  generation  as  well  as  the  focus  of  future  generations  to 
come  in  an  increasingly  prioritized  manner  in  the  years  ahead.  It  is  no 
doubt  that  such  touchstone  issues  are  set  to  dominate  much  of  the 
global  agenda  in  the  next  decades,  where  harsh  rhetoric  about  the  dire 
need  for  stronger  ES  measures  and  practices  is  to  be  expected  too.  In 
fact  avoiding  or  delaying  the  measures  that  would  elicit  and  bring 
about  real  change  in  the  behavior  of  consumers  regarding  these 
pressing  issues  is  rather  like  smoking  -  you  know  it  will  kill  you, 
but  you  keep  on  doing  it  anyway  until  it  is  time  to  quit.  If  only  one 
could  understand  the  dire  consequences  of  avoiding  or  delaying  the 
decision  to  do  something  about  it  now,  action  would  have  been  taken 
much  sooner.  Likewise,  those  in  the  leadership  know  about  this  yet 
cannot  steer  the  course;  at  least  thus  far  it  does  not  appear  to  be 
happening  anywhere,  with  only  a  handful  of  nations  really  taking 


some  measures  in  the  right  direction  yet  very  limited  in  scope  and 
breadth.  Again,  leaders  know  quite  well  that  if  society  does  not  act 
upon  it  now  and  breaks  the  habit  making  the  change  once  and  for  all, 
just  like  smoking,  it  will  be  in  a  lot  of  trouble  going  forward. 


3.  Methodology 

3.1.  General  approach 

Three  distinct  scenarios  were  established  in  terms  of  the 
energy  consumption  demand  data  to  be  used  for  the  simulation 
phase.  First  there  is  a  base  case  scenario,  where  a  homogenous  set 
of  demand  data  was  established  using  the  values  of  the  energy 
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Fig.  26.  Simulation  of  Criterion  3  with  Potencia_HES  costs  functions. 
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Fig.  27.  Simulation  of  Criterion  3  with  Potencia_HESl  (double  the  amount). 
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demanded  by  residential  consumers.  The  values  corresponded  to 
12  months  worth  of  data  which  were  then  averaged  and  thus  a 
new  set  of  data  was  produced  by  varying  these  new  averaged 
values  over  a  certain  range,  based  on  the  original  values  and  their 
fluctuation  in  the  target  community.  The  data  gathered  corre¬ 
sponded  to  a  particular  rural  community  of  Chile,  quite  represen¬ 
tative  of  the  type  of  rural  communities  that  are  so  abundant  in 
South  America.  This  set  of  data  was  then  randomized  to  produce  a 
different  set  of  values  for  what  became  evaluation  (1)  and 
(2)  stages  of  the  simulation  phase.  This  average  or  medium  case 
scenario  is  used  as  the  base  case  upon  which  to  make  a 
comparison  with  the  other  two  cases  studied,  producing  a  range 
of  variations  in  the  data  to  enhance  and  make  more  realistic  the 
simulation  efforts.  The  two  remaining  cases  already  mentioned  are 
the  high-difference  case  (2)  and  the  low-difference  case  (1)  where 
the  difference  between  the  two  has  to  do  with  how  wide  of  a 
difference  there  is  in  data  values  from  the  base  case  values  in  the 
electricity  demand  of  consumers.  For  simulation  purposes,  a  cross 
section  of  15  homes  -  a  sustainable  block  —  in  a  hypothetical 
community  is  chosen.  The  low  difference  case  (1)  has  small  differ¬ 
ence  range  values  from  the  base  case  and  represents  a  scenario  of  a 
very  homogenous  power  consumption,  quite  common  in  some  small 
communities,  whereas  the  high  difference  case  (2)  is  very 


heterogeneous,  as  there  are  larger  differences  in  data  values  for  the 
electricity  consumption  of  the  15  homes,  thus  representing  another 
type  of  power  consumption  with  more  heterogeneous  habits  as 
observed  in  other  communities.  Likewise  the  hybrid  energy  system 
(HES)  was  simulated  extensively  on  a  separate  basis  and  a  substantial 
set  of  values  (Potencia_HES)  was  produced  from  this  which  pre¬ 
sented  a  realistic  power  supply  variability  as  a  product  of  randomiza¬ 
tion.  This  allowed  simulating  the  continuous  renewable  electric 
power  generation  of  the  microgrid,  producing  a  set  of  randomized 
values  for  the  power  generation  of  the  HES  over  a  continuous  time 
frame  which  lasts  a  complete  1-year  cycle  (A t=  1  h,  where  t=8760  h 
in  1  year).  Finally  a  set  of  merit-based  HC  strategies  is  introduced  for 
the  coordination  and  control  of  the  microgrid  based  on  five  distinct 
control  criteria  devised  to  enhance  homeostatic  regulation  and 
control  in  energy  consumption,  assigning  renewable  electric  power 
supply  from  the  microgrid  to  the  homes  in  the  sustainable  block  only 
if  certain  conditions  are  met.  Based  on  these  criteria  renewable 
power  is  supplied  only  to  those  homes  which  comply  with  the  set 
criterion  in  an  effort  to  influence  and  condition  the  block's  electricity 
consumption  in  a  way  that  ensures  that  the  meta-system  is  suffi¬ 
ciently  efficient  and  sustainable  (has  a  higher  exergy  content)  over¬ 
time  [8,9],  In  Fig.  1  there  is  a  simple  diagram  that  illustrates  the 
adaptive  homeostatic  regulator  model  based  on  HC  principles 
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Fig.  28.  GricLFrac  function  for  simulation  of  Criterion  3  with  Potencia_HES. 
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Fig.  29.  GricLFrac  function  for  simulation  of  Criterion  3  with  Potencia_HES  versus 
Potencia_HESl  (double  the  amount). 
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Fig.  30.  Polyfit  function  for  the  15  homes  under  Potencia_HES  (above)  versus 
Potencia_HESl  (below). 
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Fig.  31.  Simulation  of  Criterion  3  with  Potencia_HESl  (double  the  power  amount). 
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implemented  through  negative  feedback  for  residential  consumers 
with  an  energy  buffer. 

Fig.  2  illustrates  how  a  negative  feedback  control  system 
operates  with  a  homeostatic  control  scheme  for  a  grid-connected 
microgrid,  as  a  means  to  reconcile  power  supply  and  energy 
demand  response  management  (EDRM).  The  key  control  issues 
here  have  to  do  with  conditioning  the  supply  of  renewable  power 
from  the  microgrid  to  the  homes  based  on  their  energy  consump¬ 
tion  range.  The  control  system  strategies  seek  that  energy  users 
adjust  their  energy  expenditure  to  a  consumption  range  that  is 
more  sustainable  for  the  entire  block,  even  when  they  are 
connected  to  the  grid.  Their  capacity  to  adapt  to  the  changing 


conditions  and  circumstances  affecting  the  sociotechnical  system 
comprising  the  microgrid's  and  the  sustainable  block  is  vital  in 
order  to  maintain  efficient,  thrifty  and  sustainable  electricity 
consumption. 

3.2.  The  role  of  negative  feedback  in  homeostatic  regulation  (HR)  of 
electric  power  supply  and  energy  demand  response  management 

The  HC  model  dynamics  for  a  grid-connected  microgrid  is 
depicted  above  where  HR  of  EPS  is  seen  as  both  an  enabler  and 
a  driver  of  EE  and  ES.  It  is  a  core  capability  of  the  model  which  is 
ingrained  in  the  very  structure  of  the  microgrid  itself;  it  is  built-in 
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Fig.  33.  Simulation  results  of  Criterion  4  this  time  with  Potencia_HESl. 
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as  part  of  the  meta-system's  engineering  itself.  The  underlying 
strategy  aims  to  reconcile  power  supply  management  with  energy 
demand  and  consumption  management.  Consumers  have  the 
option  of  receiving  inexpensive  RP  from  a  grid-connected  micro¬ 
grid  within  limits  well  specified  to  consumers  and  may  also  get 
their  electric  power  supplied  by  the  local  distribution  grid 
throughout  the  day,  although  at  a  different  price.  Such  a  system 
should  reflect  the  variation  in  costs  of  energy  supply,  brought 
about  by  fluctuations  in  the  demand  for  electricity  (the  way 
energy  is  expended)  and  the  particular  consumption  behavior  of 
consumers  (the  loads)  overtime  [5-11],  Therefore  since  RP  is 
available,  although  in  a  variable/fluctuating  and  limited  amount 
throughout  the  day,  access  to  its  supply  should  not  be  given  freely 
to  everyone  (as  on  a  first-come-first-serve  scheme)  until  the 
system  runs  out.  Quite  the  contrary,  as  HC  principles  teach  us,  its 
supply  should  depend  precisely  on  how  effective  HR  is  being 
maintained  in  the  system  considering  that  consumers  have  all  the 
necessary  information  available  to  them  by  means  of  smart 
metering  and  are  aware  of  the  particular  merit-based  reward 
system  adopted  by  the  community.  Plus  they  have  the  option  of 
automating  some  of  their  key  energy  consuming  tasks  in  the 
household,  which  may  well  be  enhanced  even  further  by  means  of 
energy  management  automation  systems  implemented  through¬ 
out  the  entire  community.  Moreover,  consumers  may  also  have  the 
option  of  having  the  homeostatic  regulator  [7]  acting  upon 
the  energy  supply  control  system  management  while  it  is  reading 
the  basic  parameters  of  every  load  (the  footprint),  and  thus  it  can 


take  over  at  anytime,  in  a  similar  way  than  the  FAPER  [81-87]  once 
proposed  would.  Thus  it  would  work  adjusting  automatically  their 
energy  consumption  gently  so  as  to  prevent  the  high  cost  of  the 
monthly  electricity  bill.  It  will  do  so  upon  monitoring  the  residen¬ 
tial  energy  needs  of  the  block  versus  the  energy  consumption  of 
each  household  under  specific  scenarios,  and  taking  into  consid¬ 
eration  the  power  supply  criterion  being  used  therein,  keeping 
consumption  at  moderate,  sustainable  levels.  The  price  of  elec¬ 
tricity  will  be  higher  for  those  who  consume  more,  considering  the 
overall  system’s  (sustainable  block)  load  level  and  RP  availability, 
both  being  high  or  low  or  some  mix  in  between.  Those  who  are 
thriftier  and  consume  less  will  have  the  opportunity  of  getting  the 
economic  incentive  of  a  much  lower  energy  bill  by  restricting  their 
energy  intake  so  as  to  allow  a  larger  percentage  of  the  sustainable 
block  to  have  access  to  RP,  sharing  the  resource  equitably  and 
therefore  an  overall  lower  energy  bill  [6-10].  For  this  to  be 
realized,  a  set  of  predefined  criteria  to  elicit  and  instill  EE  and 
thriftiness  in  energy  consumption  among  residential  consumers  is 
employed  through  learning  and  conditioning,  in  order  to  enhance 
their  response  (through  positive  feedback)  and  to  use  the  power 
supply  capacity  of  the  renewable  microgrid  to  the  fullest,  making 
the  meta-system  more  sustainable  [6-10],  These  particular  criteria 
were  especially  designed  for  the  case  of  a  small-size  rural  com¬ 
munity  in  a  region  of  Chile  and  apply  the  rule  of  merit  on  a 
reward-based  system  [10],  The  control  system  keeps  track  of  how 
much  electricity  each  home  is  consuming  at  every  point  in  time 
and  informs  consumers  in  their  homes  by  means  of  smart 


“  0.9 
E 

2  0.8 
■I  0.7 


CL 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 

homes 


Fig.  34.  Simulation  of  Criterion  4  with  Potencia_HES  versus  Potencia_HESl  (double 
the  amount). 
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Fig.  35.  Simulation  of  Criterion  4  with  Potencia_HESl  (double  the  amount). 
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metering.  Thus  the  control  system  monitors  in  real  time  how 
much  RP  is  being  produced  and  supplied  to  each  home  by  the 
microgrid  and  also  how  much  electricity  is  being  drawn  from  the 
grid  per  household.  All  this  information  is  available  to  consumers 
and  may  also  be  monitored  by  the  electric  utility  control  operator 
remotely  and  the  same  for  the  microgrid.  Every  home  in  the  block 
has  a  PLC  installed  in  its  electrical  switch  box.  There  are  ongoing 
control  signals  being  sent  from  the  electrical  switch  box  of  every 


home  (the  load)  to  the  microgrid  controller  via  a  parallel  network 
and  vice  versa,  from  the  microgrid  to  the  homes  [5-11], 

Authors  such  as  Peper  state,  when  describing  the  properties  of 
adaptive  processes,  that  they  are  not  the  same  even  though  they 
are  often  assumed  to  be  synonymous  whereby  he  makes  a 
distinction  between  homeostasis  and  adaptive  regulation  arguing 
that  the  two  are  different  [62,63],  In  fact  Peper  [62]  asserts  that 
these  concepts  are  very  different,  wherein  homeostasis  basically 
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Fig.  41.  GricLfrac  function  for  Criterion  4  with  energy  buffer. 


means  that  the  process  continues  functioning  at  a  preset  level 
almost  without  change  during  changing  environmental  condi¬ 
tions.  Yet  regardless  of  whether  the  distinction  made  by  Peper 
[62,63]  is  a  valid  one  or  not,  the  fact  is  that  when  it  comes  to  the 
homeostasis  concept  introduced  by  Cannon  [54-57]  and  rein¬ 
forced  by  other  authors  as  well  on  the  subject  with  a  similar  stance 
[58-80],  what  Peper  [62,63]  calls  adaptive  processes  which, 
according  to  him,  aim  for  optimal  performance,  is  precisely  what 
HR  does.  Such  HR  in  a  changing  environment  may  imply  function¬ 
ing  at  a  different  level  or  even  in  a  different  way  altogether  to 
maintain  and  prolong  sustainability  [62],  The  view  of  this  paper 
however  is  different  from  Peper's  and  contrasts  sharply  with  his 
proposition.  Upon  focusing  on  HR  of  electrical  energy  in  mini  and 
micro-generation  power  systems  tied  to  the  grid  -  and  the  various 
applications  which  emerge  from  this  -  the  concepts  of  home¬ 
ostasis  regulation  are  much  closer  to  the  general  assertion  pro¬ 
posed  by  Cannon  [54]  which  links  homeostasis  with  efficient 


equilibrium  in  living  organisms.  Particularly  important  in  the 
whole  scheme  of  things,  as  it  will  be  more  clearly  seen  later,  is 
the  role  of  the  energy  buffer  (for  this  particular  case  a  generic 
battery  bank)  which,  together  with  the  core  capability  engineered 
in  the  sustainable  block  (the  loads)  which  is  coupled  to  the 
microgrid  and  to  the  mains  to  store  energy  to  balance  both:  power 
supply  and  energy  consumption  and  storage.  Hence  the  model 
proposed  considers  the  following  central  elements:  (1)  how  much 
electricity  is  being  drawn  from  the  microgrid  and  from  the  mains; 
(2)  how  much  RP  is  being  generated  and  supplied  by  the  micro- 
grid;  (3)  how  much  energy  is  being  stored  and  is  available  in  the 
energy  buffer  as  a  measure  of  energy  efficiency,  thriftiness 
and  energy  sustainability,  all  qualities  driven  by  the  HC  strategy 
which  promotes  a  leaner,  more  efficient  consumption  behavior; 
(4)  a  powerful  new  concept  previously  introduced  [7]  termed 
homeostatic  index  (H,).  It  measures  how  much  electricity  is  being 
drawn  by  each  home  from  the  mains  as  a  percentage  of  the  average 
total  electricity  (renewable  plus  non-renewable)  being  consumed 
by  the  entire  block.  This  is  being  monitored  and  recorded  in  real 
time  and  shown  later  in  the  simulation  results,  as  a  report  to  the 
consumer  or  on  a  daily  and/or  hourly  basis  as  preferred.  H,  is 
basically  an  energy  efficiency  measurement  linked  to  ES  and  is  also 
an  instrument  that  serves  to  evaluate  the  effectiveness  of  the  HR  in 
the  meta-system  at  any  point  in  time  in  regards  to  a  particular 
criterion  being  employed;  (5)  cost  indicators  that  allow  the  obser¬ 
ver  to  analyze  how  well  the  reinforcement  learning  and  condition¬ 
ing  is  working  and  to  assess  the  economic  benefits  derived  by 
consumers  when  the  whole  homeostatic  control  strategy  sets  in 
and  begins  to  bear  its  fruits.  These  elements  are  both  enablers  and 
drivers  of  the  HR  of  energy  in  the  meta-system. 


4.  Simulation  results  and  analysis 

Below  are  some  of  the  most  relevant  and  revealing  results 
obtained  in  the  simulation  phase  without  and  with  energy  storage. 
In  the  example  used  here  results  show  that  there  is  an  intimate 
connection  between  the  availability  of  an  energy  buffer  in  the 
meta-system  and  sustainability  building.  This  of  course  is  true  in 
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the  energy  management  of  living  systems  just  like  the  sustainable 
block,  as  part  of  the  meta-system  is.  The  literature  on  HR 
mechanisms  and  HC  in  medicine  and  biology  is  abundantly  clear 
on  this  issue  [16-19,54-80],  Everyone  has  experienced  its  exis¬ 
tence  and  validity  a  great  number  of  times  in  the  course  of  a 
lifetime,  as  one  goes  through  different  periods  of  life  changes. 
Hence  changes  in  metabolic  functions  and  factors  related  to  age 
and  illnesses  force  living  organisms  to  accommodate  to  different 
levels  of  energy  intake  and  expenditure,  and  also  sometimes  to 
undergo  treatment  to  correct  a  dysfunction  and  imbalances 
therein.  Living  organisms  undergo  environmental  and  metabolic 
changes  throughout  their  lifetime  as  well,  which  may  at  times 
deprive  them  of  the  proper  supply  of  vital  resources  for  a  healthy 
functioning  and  sustenance.  This  condition  may  be  accentuated 
much  more  if  there  are  no  means  to  buffer  such  deprivation  or 
scarcity  condition  in  the  system,  in  order  to  fend  off  or  at  least 
going  through  such  changes  less  severely.  Hence  the  importance  of 
the  energy  buffer  in  living  organisms  is  undeniable,  and  by 
extension,  the  same  applies  to  living  systems  such  as  the  socio- 
technical  system  already  described.  Hence,  upon  running  the 
different  criteria  for  controlling  the  supply  of  RP  from  the  micro¬ 
grid  under  the  different  scenarios  already  explained,  it  was  found 
that  simulation  provides  a  good  fit  to  the  data  utilized,  and  the 
response  of  the  system  to  changing  supply  under  different 
scenarios  was  characterized  by  its  consistency  and  logical  frame¬ 
work,  supporting  the  theoretical  model  employed  [6-10],  Further¬ 
more,  results  show  how  important  HR  is  and  the  notorious 
difference  that  energy  storage  -  the  energy  buffer  -  makes  in 
ensuring  a  successful  collective  aim  from  both  individual  and 
communitarian  efforts  to  ensure  the  system's  overall  sustainability 
[5-10],  Next  there  are  the  graphs  for  the  criteria  employed  where 
only  part  of  the  illustrations  are  shown  due  to  extensive  set  of 
graphs  gathered.  The  flow  diagrams  depicting  each  of  the  criteria 
utilized,  and  the  Matlab  code  programming  for  simulating  each 
criterion  under  different  scenarios  were  omitted,  all  for  the  sake  of 
brevity  [10],  An  important  point  worth  mentioning  here  is  that  the 
model  presented  ignores  the  interrelationship  between  power 


generation  and  transmission  systems,  which  may  be  an  important 
assumption  made,  as  shown  in  several  articles  [99-106], 

4.3.  Simulation  with  Criterion  0:  Potencia_HES  versus  Potencia_HESl 

Potencia_HES  is  the  standard  power  supply  that  the  microgrid 
can  generate  under  normal  conditions,  approximately  25  kW  at 
full  capacity  for  supplying  the  15  homes  sustainable  block;  and 
Potencia_HESl  is  double  the  amount  of  power  supply  by  an 
oversized  microgrid  under  normal  operating  conditions.  Another 
important  parameter  introduced  here  is  Grid_frac  which  is  an 
indicator  of  the  fraction  of  total  electricity  drawn  from  the  grid  per 
each  of  the  homes  in  the  block.  Likewise  it  is  a  measure  of  EE  and 
thriftiness  just  like  the  homeostatic  index  (H,)  is. 

Figs.  3-6  show  the  results  of  the  simulation  explained  for  each 
case.  Fig.  7  shows  the  Polyfit  function  graph  with  the  relationship 
between  the  power  consumption  of  the  sustainable  block  based  on 
the  power  supply  available  from  HES,  and  the  power  consumption 
from  the  grid  by  each  of  the  homes,  Grid_frac.  The  results  for  the 
sustainable  block  were  obtained  with  Potencia_HES  power  supply 
capacity,  wherein  the  hybrid  energy  system  is  operating  at  normal 
RP  supply  capacity  (supplying  close  to  80%  of  block's  monthly 
electricity  needs  on  average).  The  rest  must  come  from  the  Grid  or 
from  the  energy  buffer  or  both. 

Next  one  can  compare  between  Criterion  0  cost  functions  with 
Potencia_HES  (Fig.  5)  and  Potencia_HES1  (double  the  amount  of  RP 
supply).  Please  notice  that  Criterion  0  shows  less  homogeneity  and 
further  polarization  among  residential  consumers  in  the  sustain¬ 
able  block  as  capacity  doubles  in  the  HES'  RP  supply.  Clearly  in  this 
case  there  is  a  change  downward  as  more  renewable  power  supply 
is  made  available  to  consumers,  and  therefore  the  amount  of 
electricity  drawn  from  the  distribution  grid  Grid_frac  is  less  yet 
there  is  a  further  incentive  for  the  entire  block  to  save  and  to  self- 
sustain  as  a  collective. 

In  this  case  as  it  can  be  seen,  the  Polynomial  fitting  shows  a 
more  cohesive  and  regular  pattern  in  energy  consumption  for  the 
sustainable  block  with  a  maximum  on  month  2  (the  hump). 
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Fig.  42.  Homeostatic  index  function  showing  similar  benefits  as  those  observed  in  the  Grid  frac  function  for  Criterion  4  with  the  energy  buffer. 
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The  fraction  of  power  drawn  from  the  grid,  although  behaving 
cohesively,  decreases  steadily  as  time  goes  by  towards  month  12, 
as  the  simulation  shows.  One  can  compare  between  Criterion 
0  Polynomial  fitting  function  with  Potencia_HES  (Fig.  7)  and 
Potencia_HESl  (double  the  amount)  in  Fig.  8.  Although  similar  in 
nature  this  one  is  softer,  smoother  indicating  further  cohesiveness 
in  energy  consumption  by  the  whole  block  (Figs.  9  and  10). 

Below  is  the  H,  function  shown  in  the  case  of  the  HES  with 
energy  storage  and  Potencia_HES  (original  amount  of  RP  supply  in 
kW)  for  the  15  homes  in  the  sustainable  block.  Homes  1-5  are  on 
the  first  row,  6-10  are  on  the  second  row  and  10-15  on  the  third 
row.  A  value  below  1  is  considered  acceptable  yet  ideally,  values 
closer  to  0.50  or  below  are  a  truer  indicator  of  a  high  degree  of 
thriftiness  and  EE  for  the  household. 

4.2.  Simulation  with  Criterion  1  and  Potencia_HES  versus 
Potencia_HESi 

In  Figs.  11  and  12  one  can  see  that  under  Criterion  1  the  results 
are  evidently  worse  than  before  with  yet  further  polarization 
among  the  different  homes.  Thus,  doubling  the  amount  of  RP 
supply  does  not  necessarily  guarantee  a  better  outcome.  However 
here  is  seen  per  Fig.  13  that  remarkably  there  is  a  still  uniformity 
throughout  the  entire  block  of  approximately  55%  on  average.  This 
absolute  evenness  although  unrealistic,  provides  a  good  insight  of 
potential  RP  supply  strategies  that  may  contribute  to  greater 
homogeneity  and  evenness  in  electricity  consumption  among 
residential  consumers  of  a  particular  community.  The  case  of 
Grid_frac  for  Potencia_HESl  under  Criterion  1  is  similar  to  the 
Criterion  0  case  shown  earlier  yet  it  is  more  uniform  and  even, 
showing  greater  homogeneity  for  the  whole  residential  block. 

Here  Polynomial  fitting  shows  a  more  joint  and  cohesive 
pattern  in  energy  consumption  dropping  sharply  passed  month 
2  for  the  15  homes  in  the  sustainable  block.  Simulation  shows  that 
the  fraction  of  power  drawn  from  the  grid  decreases  as  the  months 
near  yearend.  Fig.  14  is  eloquent  and  shows  the  energy  stored  in 
the  energy  buffer  as  time  moves  towards  the  end  of  the  simulation 
period  of  one  year  (8760  h).  Here  the  HES  is  operating  at 
Potencia_HES  RP  supply  capacity. 

Figs.  15-18  are  graphs  of  Polyfit  function  and  homeostatic  index 
function  H,  for  Criterion  1  with  Potencia_HESl  (double  the  amount 
of  microgrid's  power  supply).  Notice  the  difference  with  Criterion 
0,  although  subtle  in  some  cases  they  are  nevertheless  significant 
and  revealing.  Upon  looking  at  Figs.  18  and  19,  as  before,  no 
sizeable  differences  between  the  two  cases  emerge.  Nevertheless 
the  case  with  double  the  amount  of  RP  supply  (Potencia_HESl )  by 
the  microgrid  clearly  seems  to  make  things  worse  when  it  comes 
to  the  homeostatic  index,  something  that  is  counterintuitive  at 
first  but  later,  in  light  of  the  overall  results  and  the  theoretical 
support  previously  built  [5-10],  makes  sense. 

4.3.  Simulation  with  Criterion  2:  Potencia_HES  versus 
Potencia_HESl 

Likewise,  next  there  are  the  results  of  some  of  the  different 
functions  for  Criterion  2,  but  comparing  the  microgrid's  base 
power  supply,  Potencia_HES,  with  the  case  of  the  microgrid 
supplying  double  the  amount  of  power  supply,  Potencia_HESl 
under  same  criterion.  Interesting  results  are  drawn  from  this 
simulation  stage  as  well,  some  of  which  are  not  at  all  intuitive  or 
predictable  (Figs.  20  and  21). 

Figs.  21-25  show  the  simulation  of  Criterion  2  with  Poten- 
cia_HESl.  Although  monthly  and  annual  costs  per  home  are  lower, 
the  polarization  among  electricity  consumers  clearly  still  shows 
and  not  only  maintains  itself  but  deepens  further  for  the  case  of 
Potencia_HESl,  again  a  very  revealing  yet  counterintuitive  result 


altogether.  Likewise  it  is  seen  with  Grid_Frac  function  for  simula¬ 
tion  of  Criterion  2  that  the  polarization  among  home  consumers 
deepens,  with  a  group  distancing  from  the  other  with  the  excep¬ 
tion  of  home  1  (being  a  middle-of-the-road  case)  yet  the  fractions 
are  lower  as  shown  below. 

4.4.  Simulation  with  Criterion  3:  Potencia_HES  versus 
Potencia_HESi 

Below  is  Grid_Frac  function  for  simulation  of  Criterion  3  with 
Potencia_HES  versus  Potencia_HESl  (double  the  amount).  Again 
one  may  see  that  the  polarization  among  home  consumers 
remains,  but  in  this  particular  case  with  a  different  pattern  - 
odder  if  you  will.  Upon  employing  this  particular  criterion,  two 
types  of  consumers  clearly  emerge  yet  some  residential  consumers 
escape  from  this  polarization  like  homes  2  and  3.  Likewise  one 
may  see  by  looking  at  Figs.  26  and  27  that  costs  are  indeed  lower 
in  Fig.  27,  yet  at  a  cost  of  less  homogeneity  and  further  polariza¬ 
tion  among  consumers  (Figs.  28-34). 

4.5.  Simulation  with  Criterion  4  Potencia_HES  versus  Potencia_HESl 
but  without  energy  buffer 

Below  there  are  the  Criterion  4  graphs  (Figs.  35-42)  comparing 
the  results  of  Potencia_HES  with  PotenciaJTESl  for  the  case  with¬ 
out  the  energy  buffer.  Fig.  33  shows  simulation  of  Criterion  4  with 
PotenciaJTESl  (double  the  amount).  Here  things  worsen  as  costs 
clearly  do  not  improve  as  the  amount  of  RP  supply  is  doubled. 
Surprisingly  at  first,  Criterion  4  like  Criterion  3  works  better  in 
regards  to  Grid_frac  function  when  power  supply  is  increased  to 
double  the  amount.  A  more  homogenous  and  efficient  electricity 
consumption  behavior  among  consumers  is  seen  without  extreme 
polarization  and  lower  costs  for  individuals,  and  for  the  entire 
sustainable  block.  Indeed  Criteria  3  and  4  seem  to  work  better  at 
this  than  Criteria  0, 1  and  2  seen  earlier. 

Here  the  Polyfit  function  in  Fig.  37  shows  that  the  behavior  of 
the  entire  block  with  Potencia_HESl  seems  more  favorable,  with  a 
better  response,  more  evenly  tight  and  homogenous  unlike  with 
Potencia_HES.  Interestingly,  unlike  Criteria  0,  1,  and  2,  here  one 
sees  that  there  is  a  clear  improvement  with  PotenciaJTESl, 
showing  a  much  better  system  response  -  with  higher  energy 
efficiency  and  thriftiness  -  of  the  Gridjrac  function  in  this 
particular  case.  A  fact  that  shows  that  for  this  particular  criterion 
it  is  beneficial  to  have  more  power  supply  available  from  the 
microgrid  (an  oversized  microgrid  capacity)  in  terms  of  the 
response  of  the  sociotechnical  system  as  a  whole. 


Energy  Buffer 


Time 

Fig.  43.  Energy  percentage  in  the  energy  buffer  as  time  (in  h)  goes  by  towards  a  full 
one-year  cycle. 
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4.6.  Simulation  results  of  Criterion  4  with  the  energy  buffer 

Next  (Figs.  43-45)  there  are  the  simulation  results  of  the 
different  functions  for  Criterion  4  but  this  time  with  the  energy 
buffer  present.  Particularly  interesting  are  Figs.  37  and  38  which, 
along  with  Figs.  43  and  44,  show  the  response  of  homeostatic 
regulation  (HR)  in  the  energy  consumers,  enabled  and  driven  by 
the  HC  strategies  in  the  sustainable  block.  Revealingly,  the  results 
show  that  consumers  are  more  willing  and  able  to  save  energy, 
allowing  more  energy  to  go  to  storage  in  the  buffer,  when  the 
buffer  is  present  in  the  system  than  if  it  were  not.  Clearly  some 
homes  are  more  energy  efficient  and  thriftier  than  others  yet  the 
desired  overall  response  of  the  system  is  far  less  polarized  than 
before.  A  more  homogenous  and  even  response  by  consumers  is 
observed  in  this  case,  with  homeostatic  regulation  being  more 
active  as  expected. 
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Fig.  44.  Eloquent,  shows  the  energy  stored  in  the  energy  buffer  as  time  moves 
towards  the  end  of  the  simulation  period  of  one  year  cycle  (8760  h). 


4.7.  The  same  simulation  analysis  but  this  time  with  Potencia_HES l 
(double  the  amount  of  RP  supply)  available  to  the  block 

Analogous  to  the  previous  cases,  in  Section  4.7  a  sample  of 
simulation  results  is  shown  this  time  with  Potencia_HESl.  At  this 
stage  of  the  simulation  phase  a  sizeable  improvement  was 
appreciated  in  the  case  of  Potencia_HESl  power  supply  as  opposed 
to  Potencia_HES,  with  the  energy  buffer  present  in  the  system.  The 
fraction  of  electricity  drawn  from  the  Grid  by  the  15  homes  in  this 
case  is  substantially  lower  than  before.  This  is  intuitively  sound 
and  reasonable  if  examined  closely  based  on  what  was  learned 
previously.  Also  worth  mentioning  here  is  that  when  Potencia_HES 
was  increased  even  further  results  (not  shown  for  the  sake  of 
brevity)  were  even  less  effective  in  terms  of  HR  index  and  the 
strategy  to  elicit  EE  and  thriftiness  was  undermined  as  expected. 

This  again  reaffirms  the  thesis  that  increasing  beyond  a  certain 
point  the  power  supply  in  the  microgrid  with  the  presence  of 
energy  storage  does  not  aid  in  improving  the  HR  mechanisms  but 
rather  hinders  them.  Homeostatic  regulation  (HR)  in  the  sustain¬ 
able  block  being  fully  active,  shows  that  consumers  are  more 
willing  and  able  to  save  energy  allowing  more  energy  to  go  to 
storage  in  the  buffer,  knowing  that  it  will  be  available  for  them. 


5.  Conclusions  and  final  remarks 

With  regard  to  responsive  demand  and  demand  side  manage¬ 
ment  [107-109],  particularly  when  it  comes  to  residential  energy 
supply  and  consumption  at  the  mini  and  micro-generation  levels 
operating  connected  to  the  grid,  it  is  not  the  same  to  have  or  not  to 
have  energy  storage  systems  present  in  the  microgrid  [52,53], 
To  anyone  this  may  seem  trivial  at  first  glance  yet  here  one  should 
not  simply  refer  to  its  role  as  an  energy  back-up  system  for 
electricity  storage  and  dispatching  in  DG  solutions  as  important 
as  that  is.  What  is  even  more  important  than  the  supporting  or 
back-up  function  already  mentioned  is  the  role  that  the  energy 
buffer  plays  in  the  energy  homeostasis  regulation  processes  within 
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Fig.  45.  Another  favorable  response  is  observed  this  time  by  the  homeostatic  index  function  although  not  better  than  with  Potencia_HES. 
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the  meta-system,  as  a  key  enabling  technology  of  EE  and  thrifti¬ 
ness  that  have  been  previously  discussed  extensively.  Unlike  what 
you  would  normally  think,  for  reasons  that  are  not  readily 
apparent,  if  one  is  trying  to  instill  the  desired  behavioral  changes, 
i.e.  to  enhance  and  potentiate  EE  and  thriftiness  in  residential 
energy  consumers  to  produce  a  virtuous  cycle  that  feeds  and 
builds  upon  itself,  the  energy  buffer  may  prove  to  be  a  key  enabler 
and  also  a  driver  of  such  traits.  When  it  comes  to  HR  in  energy 
consumption  and  the  ability  to  transform  the  average  electricity 
consumer  in  a  community  into  a  more  energy-conscious  and 
carbon  neutral  individual,  having  energy  storage  may  prove  vital. 
Indeed  the  ability  to  change  towards  a  thriftier,  greener  and  more 
energy-sustainable  consumer  depends  greatly  on  the  awareness  of 
energy  storage  availability  in  the  system  and  the  crucial  role  that  it 
plays  in  the  HR  process.  When  it  comes  to  really  making  a  big  leap 
forward  in  energy  systems  sustainability  and  EE,  it  does  matter 
whether  there  is  or  there  is  not  an  energy  buffer  in  the  microgrid 
system,  and  -  contrary  to  common  credence  -  more  so  if  the 
microgrid  is  grid-connected  than  if  it  is  not,  operating  only  as  a 
stand-alone  (island  mode)  system.  A  battery  bank  is  a  fast- 
response  energy  storage  technology  (is  readily  dispatchable)  and 
for  the  purpose  described  earlier,  it  can  effectively  act  as  an  energy 
buffer  in  the  HC  strategic  scheme  already  discussed.  Furthermore 
if  smart  metering  is  added  to  every  home,  one  has  effectively  built 
energy  sustainability  in  the  meta-system,  i.e.  a  sustainable  hybrid 
energy  system  [7,10],  Again,  it  is  here  that  one  sees  this  virtuous 
cycle  emerge  again,  where  the  energy  buffer  comes  into  play  by 
means  of  negative  feedback  to  consumers  (the  brain  of  the  system) 
advising  them  of  how  much  electricity  is  being  produced  by  the 
microgrid,  how  much  is  drawn  from  the  grid  and  how  much  is 
available  in  storage  and  what  is  being  supplied  by  the  energy 
buffer.  With  this  information  available,  the  system  works  well  and 
is  capable  of  eliciting  EE  and  thriftiness  in  energy  consumption 
with  a  clear  economic  incentive  for  consumers  to  be  able  to  save 
and  thus  to  use  less  grid  power  supply  or  to  sell  the  excess  energy 
back  to  the  electric  power  distribution  system  if  the  local  legisla¬ 
tion  were  to  allow  so  and  still  live  comfortably  and  sustainably.  In 
this  way  it  is  not  necessary  for  consumers  in  their  homes  to  go 
beyond  their  limits  or  to  have  the  opposite  effect,  being  overly 
thrifty,  just  like  it  is  seen  in  cases  of  energy  shortage  regimes  as  in 
the  case  of  dieting,  so  as  to  warrant  major  energy  saving  by  an 
individual's  metabolism.  This  is  exactly  the  undesirable  backfire 
effect  which  is  unwanted.  This  is  what  happens  when  an  indivi¬ 
dual  (or  the  consumers  in  the  sustainable  block  for  that  matter)  is 
put  on  a  strict  low-calorie,  low-energy  intake  diet  without 
adequate  and  periodic  food  intake.  This  makes  the  individual 
clutch  onto  the  weight  desperately,  trying  to  maintain  equilibrium 
by  means  of  HR,  and  thus  preventing  him  from  gradually  losing 
the  excess  weight  by  becoming  accustomed  to  lesser  food  (energy) 
intake  and  availability.  This  smooth  transition  is  necessary  over  a 
certain  period  of  time  both  by  dieting  and  mentally  adjusting  his/ 
her  metabolism  to  the  changes  brought  upon  the  system  and  it 
should  be  realized  according  to  the  particular  physiology  and  age 
factors  of  the  individual  or,  in  the  case  of  a  small  community, 
according  to  its  particular  characteristics  as  a  community.  Some¬ 
thing  that  requires  reinforcement  learning  and  conditioning  upon 
which  the  individual  builds  strength  to  change  his/her  energy 
consumption  behavior  overtime,  signaling  the  brain  that  he/she  is 
doing  fine  and  handling  the  diet  regime  well,  having  enough 
energy  storage  at  his  disposal.  Therefore  he/she  can  successfully 
continue  to  make  progress  without  triggering  the  alarm  or  warn¬ 
ing  signal  in  the  system,  aimed  at  tightening  the  body's  metabolic 
functions  to  reduce  to  a  minimum  the  energy  expenditure, 
preventing  the  person  from  losing  the  weight.  Therefore,  as 
simulation  results  suggest,  when  consumers  have  the  security 
and  reassurance  of  having  an  energy  buffer  and  strive  to  support  it 


with  their  consumption  behavior,  building  reserves  that  can  later 
be  used  or  sold  to  the  electric  utility  grid,  the  ES  cycle  works  and 
the  strategy  is  successful.  Again,  the  wonder-like  mechanism  at 
play  here  is  the  same  that  operates  in  humans  who  are  put  on  a 
diet  with  adequate  food  intake  and  expenditure  as  discussed 
before.  This  is  true  also  in  other  living  systems  that  are  made 
aware  that  there  are  enough  resources  available  to  them  in  the 
environment,  so  they  can  safely  exercise  restraint,  thriftiness  and 
energy  efficient  behavior  without  overdoing  HR  in  a  way  that 
overstrains  the  system  to  a  point  where  living  conditions  are 
compromised.  With  this  in  mind  the  microgrid  system  is  moving 
towards  the  attainment  of  a  new,  safer  and  more  sustainable 
equilibrium  point  -  one  that  is  conditioned  by  the  presence  of  the 
energy  buffer  operating  in  the  grid-connected  microgrid. 

Upon  looking  at  the  overall  results  of  the  simulation  one 
concludes,  as  expected,  that  the  costs  of  electricity  when  the  grid 
is  present  are  quite  relevant  whenever  there  is  an  option  present 
to  receive  RP  as  well  as  the  grid's  power  supply.  This  in  return  for  a 
change  in  consumption  behavior.  Likewise  there  is  a  very  distinct 
scenario  in  terms  of  whether  employing  energy  storage  or  not  in 
terms  of  the  microgrid  capacity  to  influence  the  way  consumers 
behave  towards  energy  and  sustainability.  The  first  main  result  is 
that  there  are  indeed  certain  criteria  under  distinct  scenarios, 
which  work  better  than  others  at  making  the  meta-system 
performance  better  in  terms  of  thriftiness  and  EE  towards  ES. 
Nevertheless,  the  choice  of  which  criterion  to  employ  will  depend 
largely  on  the  community's  energy  consumption  habits  and 
historical  patterns  of  electricity  usage  and  peak  loads,  along  with 
local  RES  and  the  availability  and  electricity  price  of  a  local  power 
distribution  grid  to  which  the  microgrid  can  connect.  Performance 
is  measured  by  the  homeostatic  index  and  the  grid  fraction  as  well 
as  by  the  amount  of  energy  being  saved  in  the  energy  buffer  as  a 
result  of  the  thriftier,  more  efficient  energy  consumption  behavior 
of  the  sustainable  block  as  a  function  of  the  HC  strategy  in 
operation.  The  cost  for  consumers  in  their  monthly  electricity  is 
significantly  lower  as  they  are  able  to  use  more  RP  and  less;  grid 
power,  thus  reinforcing  the  behavioral  change  being  sought. 
For  each  criterion  there  is  a  distinct  response  of  the  system,  and 
these  responses  in  terms  of  monthly  cost  to  consumers  are  also 
different,  as  parameters  change,  proving  the  efficacy  of  certain 
parameters  over  others,  particularly  in  Criteria  2,  3  and  4.  The 
second  main  result  concerns  the  evolutionary  response  of  the 
block’s  electricity  consumers  in  the  presence  of  the  energy  buffer, 
through  the  properties  of  dynamically  complex  adaptive  systems 
comprising  the  meta-system  already  described.  It  is  in  this  context 
that  one  must  stress  once  again  the  vital  role  that  these  energy 
users  ought  to  play  and  what  their  response  will  be  as  a  collective 
to  temporary  environmental  perturbations  therein. 

The  third  main  result  is  that  upon  increasing  the  RP  supply  from 
the  microgrid  to  double  the  amount  being  supplied,  no  significant 
change  in  thriftiness  and  efficient  energy  consumption  was  shown  by 
the  simulation  except  for  Criteria  3  and  4  where  homeostatic  index 
and  Grid_frac  as  well  as  the  Polyfit  function  clearly  make  a  positive 
difference.  This  suggest  that  -  at  least  in  theory  -  increasing  the 
capacity  of  the  microgrid  or  adding  a  bigger  capacity  energy  storage 
does  not  equal  automatically  to  better  results,  as  they  might  not 
always  enhance  or  stimulate  homeostatic  regulation  and  thriftiness 
but  may  even  hinder  it.  Results  show  that  a  positive  or  negative 
response  of  the  meta-system  is  very  homeostatic  control-strategy 
dependent  and  this  in  turn  ought  to  be  designed  and  engineered 
with  the  particular  community's  characteristics  in  mind. 

Finally  there  is  the  fourth  main  result,  which  comes  as  a 
reflection,  upon  looking  into  the  not  so  distant  future.  One  in 
which  climate  change,  natural  calamities  and  vandalism  may 
become  ever  more  frequent  bring  chaos  and  havoc  upon  modern 
society's  infrastructure,  undermining  the  power  supply  and  other 
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vital  services  in  more  serious  ways  than  what  has  been  seen  in  the 
past  [5].  A  future,  for  which  the  present  electric  power  infrastruc¬ 
ture  is  clearly  unfit,  as  it  needs  to  become  much  more  flexible, 
nimble,  localized  and  diversified  [5],  Hence,  when  looking  to  what 
future  developments  of  DG  integrated  to  the  current  electric 
power  distribution  might  bring,  it  is  believed  that  it  will  become 
necessary,  in  order  to  effectively  build  SES,  to  pursue  innovative 
coordination  and  control  strategies  such  as  the  one  proposed  here 
based  on  HC  of  grid-connected  microgrids.  Such  strategies  may 
offer  innovative  mechanisms  for  the  control  of  the  RP  supply  to 
consumers  with  a  reward-based  system  that  fosters  and  impels 
a  merit  scheme  feeding  on  positive  reinforcement  for  the  whole 
community  as  part  of  a  meta-system.  However,  for  such  reward- 
based  system  to  elicit  real  and  lasting  change  in  energy  consumption 
behavior  there  must  be  clear  economic  as  well  as  non-economic 
incentives  present  in  such  merit  scheme.  This  in  order  to  effectively 
secure  and  potentiate  an  adequate  energy  management  in  terms  of 
electricity  supply  and  consumption.  In  return  energy  users  can  be 
rewarded  for  doing  so  by  receiving  inexpensive  RP  instead  of  having 
to  buy  expensive  electric  power  from  the  grid  as  their  only  option.  It 
is  the  goal  of  this  and  other  papers  before  it  [5-11]  that  such 
strategies  linked  to  EE  and  thriftiness  can  be  used  in  the  design  of 
such  DG  systems  to  elicit  and  ultimately  bring  about  this  much 
sought-after  change  in  consumer  behavior  and,  in  the  process,  create 
the  opportunity  to  open  the  way  to  a  whole  new  concept  in  the  way 
energy  is  used  based  on  homeostasis.  However,  as  one  can  expect 
when  it  comes  to  such  big  leap  forward,  the  plight  for  such  a  change 
will  not  be  easy.  In  fact  and  veiy  likely,  it  will  be  an  uphill  road  and  a 
veiy  steep  one. 
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